Monocular and dichoptic masking effects on the frequency doubling illusion  by Quaid, P.T. et al.
Vision Research 44 (2004) 661–667
www.elsevier.com/locate/visresMonocular and dichoptic masking eﬀects on the frequency
doubling illusion
P.T. Quaid a,*, T. Simpson a, J.G. Flanagan a,b
a School of Optometry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1
b Department of Ophthalmology, University of Toronto, Ontario, Canada M5T 2S8
Received 12 August 2003; received in revised form 14 October 2003Abstract
The purpose of this paper was to investigate the eﬀects of both monocular and dichoptic masking on the frequency doubling
(FD) illusion, using both temporal and spatial masks. Monocular spatial tuning eﬀects occurred around the fundamental FD spatial
frequency of 0.25 cycles per degree (c/deg), whereas dichoptic spatial frequency tuning eﬀects occurred at the doubled spatial fre-
quency of 0.50 c/deg. Temporal tuning eﬀects were observed at the FD temporal frequency of 25 Hz, in both monocular and
dichoptic paradigms. These results suggest that the FD illusion is cortical in origin and is dominated by a ﬂicker component.
 2003 Elsevier Ltd. All rights reserved.
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When a low spatial frequency sinusoidal grating of
less than 4 cycles per degree (c/deg) is ﬂickered at a
temporal frequency of 15 Hz or greater, the spatial
frequency appears to be approximately twice the origi-
nal value (Demirel, Vingrys, Anderson, & Johnson,
1999; Johnson & Demirel, 1996; Kelly, 1966, 1981;
Parker, 1981, 1983; Richards & Felton, 1973). This
illusory percept is called frequency doubling (FD). This
FD illusion is currently utilized in the commercially
available FD technology perimeter (Welch Allyn, Ska-
neateles Falls, NY; Carl Zeiss, Meditec, Dublin, CA),
and has shown high sensitivity and speciﬁcity in the
detection of glaucomatous damage (Johnson & Demirel,
1996; Kalaboukhova & Lindblom, 2003; Tatemichi
et al., 2002; Wadood, Azuara-Blanco, Aspinall, Taguri,
& King, 2002; Yamada et al., 1999). It has also been
shown to predict visual ﬁeld loss before it occurs with
white-on-white perimetry (Alward, 2000; Burnstein, El-
lish, Magbalon, & Higginbotham, 2000), and shown
lower test-retest variability (Chauhan & Johnson, 1999;
McKendrick, Anderson, Johnson, & Fortune, 2003;
Spry & Johnson, 2002), although the latter may be in* Corresponding author. Tel.: +1-519-8884567x6322.
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doi:10.1016/j.visres.2003.10.013part due to the dynamic range associated with larger
target sizes and monitor based systems (Cello, Nelson-
Quigg, & Johnson, 2000).
The FD stimulus has been attributed to a subset of
magnocellular Y-like retinal ganglion cells or My-cells
(Maddess & Henry, 1992; Tyler, 1974) which are be-
lieved to have a sparse representation on the retina
(Crook, Lange-Maleki, Lee, & Valberg, 1988; Maddess
& Henry, 1992). This, coupled with the discrete spatio-
temporal characteristics of the FD illusion, is believed to
aid in the early detection of visual ﬁeld loss. These non-
linear My-cells in the primate visual system are believed
to be preferentially stimulated by the FD illusion
(Maddess et al., 1999; Maddess, Hemmi, & James, 1992;
Maddess & Henry, 1992). Recent research using a sim-
ian primate conﬁrmed that there were a few cells in the
lateral geniculate nucleus (LGN) that exhibited non-
linear properties, however they were located in both the
magnocellular and ventral koniocellular layers (White,
Solomon, & Martin, 2001). It has been suggested that
the origins of the response to the FD stimulus is not
from the retina or LGN of the primate visual system,
but may be cortical in nature (White, Sun, Swanson, &
Lee, 2002). Previous research involving adaptation and
ﬁxation disparity has also suggested that the origins of
the FD illusion may be cortical in nature (Richards &
Felton, 1973; Thompson & Murphy, 1980).
662 P.T. Quaid et al. / Vision Research 44 (2004) 661–667The purpose of this paper was to investigate the ef-
fects of temporal and spatial masking on the FD stim-
ulus. This was investigated using monocular and
dichoptic masking to investigate retinal and cortical
interactions respectively. These masking experiments are
based on the premise that if a masking stimulus in-
creases the threshold of a target, then both the mask and
the target share a common processing pathway (Blake-
more & Campbell, 1969; Harris & Willis, 2001). The
purpose of the spatial masking experiments was to
determine if there was any diﬀerence in tuning between
monocular and dichoptic masking conditions. The
purpose of the temporal masking experiments was to
determine whether FD thresholds were diﬀerently af-
fected than with spatial masking. 
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Fig. 1. Schematic of the equipment used for the monocular masking
experiments (used for both spatial and temporal monocular masking).
The left eye was occluded. (A) 50:50 beam splitter, (B) screen blocking
the masking monitor from the right eye.2. Methods
The right eye of 10 normal healthy subjects (5 female)
was examined (mean age 25, range 23–27, SD 1.55) at
ﬁxation and 10 nasal to ﬁxation. All subjects gave in-
formed consent. The study was granted institutional
human subject ethical approval, and complied with the
tenets of the Declaration of Helsinki. Inclusion criteria:
corrected visual acuity of 6/6 or better; intraocular
pressure of 20 mmHg or less; normal fundus examina-
tion; no history of ocular disease or surgery; normal
visual ﬁelds by automated perimetry.
Custom programs were developed using a UNIX
based system. The FD and masking stimuli were pre-
sented on 20
00
Sony Trinitron Multiscan CPD-G500
monitors (vertical refresh rate of 100 Hz, non-interlaced,
Sony, Tokyo, Japan) with a pixel pitch of 0.25 mm and
using a resolution of 1025 · 768 pixels. The testing dis-
tance was 0.48 m, resulting in a subtended visual angle
of 45 horizontally and 35 vertically. The target stim-
ulus was a circle (10 in diameter), using a sinusoidal
0.25 c/deg grating alternating at a temporal frequency of
25 Hz. The target was ramped up for 160 ms, presented
for 400 ms, and then ramped down for 160 ms. The
interval between presentations was 2 s. A modiﬁed yes/
no staircase thresholding strategy was utilized (4-2-1
staircase which requires six reversals at the ﬁnal 1-dB
step for termination). Fixation was maintained using a
0.2 diameter red ﬁxation dot positioned in the centre of
both the target and masking monitors. Alignment was
achieved using full-ﬁeld cross-hairs on both monitors in
both the monocular and dichoptic setups. Calibration
was performed using a photometer (Minolta LS-110)
using the average of 10 measurements for each decibel
(dB) level, the individual red, green and blue values
being utilized to attain ﬁner dB steps where necessary.
This calibration was checked daily. The maximum
luminance was 100 cdm2 (23 dB scale). The formula
used for dB was 10log10 (max luminance/measuredluminance). Subjects were asked to respond to any as-
pect (ﬂickering, shimmering) of the FD stimulus in all
paradigms (i.e. the detection threshold).
2.1. Temporal masking of the FD stimulus
There were two aspects to the temporal masking
experiments. In both the monocular and dichoptic
conditions, the mask was a 32 diameter circular target
ﬂickering at temporal frequencies of 10, 16.67, 25 and 50
Hz (sub-harmonics of the refresh rate, 100 Hz). The ﬁrst
aspect of the temporal masking experiments (monocular
temporal masking) utilized a 50:50 beam splitter (Fig.
1), through which the masking component was provided
to the right eye whilst the FD threshold was examined.
The subject’s left eye was occluded. The contrast of the
temporal mask was set to 16 dB sensitivity on our scale,
i.e. approximately 2 dB more contrast than the expected
sensitivity level.
The dichoptic condition consisted of a plano front
surface mirror placed in front of the left eye (which
viewed the masking monitor) whilst the right eye
underwent FD threshold testing (Fig. 2). In both the
monocular and dichoptic masking conditions, the phase
diﬀerence between the mask and FD stimulus was ran-
dom.
2.2. Spatial masking of the FD stimulus
The spatial masking experiments again consisted of
two aspects. The setup was identical to the temporal
masking paradigm, but instead of a ﬂickering mask, a
slowly drifting (0.3/s) sinusoidal grating of spatial fre-
quencies 0.1, 0.2, 0.3, 0.4 and 0.5 c/deg was used. The
drifting element was employed to minimize after-images
(Kelly, 1979; Leguire & Blake, 1982). The contrast of the
gratings was again set at 16 dB sensitivity on our scale.
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Fig. 2. Schematic of the equipment used for the dichoptic masking
paradigms (used for both spatial and temporal monocular masking).
(A) Front surface mirror.
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Michelson contrast percentage (Log MC%). Repeated
measures analysis of variance (ANOVA) was used to
test whether masking had a signiﬁcant eﬀect on mean
thresholds within subjects, and whether eccentricity and/
or masking condition (i.e. monocular versus dichopticTable 1
Results showing the p-values (2-tailed student t-test) of the monocular and d
Without Mean 10
Monocular temporal masking at ﬁxation
Without – <0.001 <0.001
Mean L X – 0.434
10 X X –
16.67 X X X
25 X X X
50 X X X
Monocular temporal masking at 10 nasal to ﬁxation
Without – <0.001 <0.001
Mean L X – 0.052
10 X X –
16.67 X X X
25 X X X
50 X X X
Dichoptic temporal masking at ﬁxation
Without – 0.004 0.002
Mean L X – 0.616
10 X X –
16.67 X X X
25 X X X
50 X X X
Dichoptic temporal masking at 10 nasal to ﬁxation
Without – <0.001 0.003
Mean L X – 0.928
10 X X –
16.67 X X X
25 X X X
50 X X X
Shaded areas indicate thresholds that are signiﬁcantly diﬀerent. X indicates
a p-values for monocular and dichoptic temporal masking paradigms.viewing conditions) had any eﬀect on the data (SPSS
11.5, Chicago). For this repeated measures analysis
Huynh–Feldt corrected p-values were used. FD thresh-
old masking functions were deﬁned as Gaussian curves
ﬁtted to the threshold versus masking conditions data.
Non-linear regression analysis was used to ﬁt these
Gaussians (using a ﬁxed lower asymptote and ampli-
tude) to estimate the 95% conﬁdence intervals of the
peaks of these spatial masking functions (Statistica 6.0,
Tulsa). Probability values are also shown in tabular
form to reveal patterns within the temporal and spatial
masking data (Tables 1 and 2 respectively using a 2-
tailed student t-test).3. Results
3.1. Temporal masking
Results from the monocular and dichoptic temporal
masking experiments for both ﬁxation and 10 nasal are
shown in Fig. 3. Repeated measures ANOVA revealed
the following results: temporal masking had a signiﬁcant
eﬀect on FD thresholds within subjects (Fðdf 5;45Þ ¼ 117:5,ichoptic temporal masking experimentsa
16.67 25 50
<0.001 <0.001 <0.001
0.343 0.002 0.008
0.591 0.003 0.014
– 0.003 <0.001
X – 0.918
X X –
<0.001 <0.001 <0.001
0.868 0.001 0.004
0.509 0.002 0.009
– 0.002 0.006
X – 0.141
X X –
0.002 <0.001 <0.001
0.799 0.005 0.096
0.998 0.007 0.104
– <0.001 0.147
X – 0.159
X X –
0.003 <0.001 <0.001
0.287 0.015 0.121
0.427 0.033 0.508
– 0.017 0.798
X – 0.018
X X –
a repeated comparison.
Table 2
Results showing the p-values (2-tailed student t-test) of the monocular and dichoptic spatial masking experimentsa
Without Mean 0.1 0.2 0.3 0.4 0.5 0.6
Monocular spatial masking at ﬁxation
Without – 0.007 0.006 <0.001 <0.001 <0.001 0.004 0.002
Mean X – 0.075 0.004 <0.001 <0.001 0.018 0.009
0.1 X X – 0.088 <0.001 0.023 0.115 0.168
0.2 X X X – 0.032 0.037 0.885 0.381
0.3 X X X X – 0.111 0.106 0.011
0.4 X X X X X – 0.414 0.071
0.5 X X X X X X – 0.193
0.6 X X X X X X X –
Monocular spatial masking at 10 nasal to ﬁxation
Without – 0.081 0.005 <0.001 <0.001 0.002 0.002 0.004
Mean X – 0.004 <0.001 <0.001 0.003 0.001 0.003
0.1 X X – 0.004 0.009 0.015 0.112 0.217
0.2 X X X – 0.794 0.818 0.502 0.209
0.3 X X X X – 0.576 0.434 0.083
0.4 X X X X X – 0.371 0.152
0.5 X X X X X X – 0.132
0.6 X X X X X X X –
Dichoptic spatial masking at ﬁxation
Without – 0.121 <0.001 <0.001 <0.001 <0.001 <0.001 0.003
Mean X – 0.007 0.022 0.003 <0.001 0.003 0.045
0.1 X X – 0.591 0.168 0.009 0.009 0.434
0.2 X X X – 0.193 0.003 0.001 0.443
0.3 X X X X – 0.015 0.024 0.678
0.4 X X X X X – 0.081 0.005
0.5 X X X X X X – 0.002
0.6 X X X X X X X –
Dichoptic spatial masking at 10 nasal to ﬁxation
Without – <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Mean X – 0.003 0.004 0.026 0.004 <0.001 0.007
0.1 X X – 0.678 0.981 0.051 0.002 0.343
0.2 X X X – 0.591 0.132 0.007 0.341
0.3 X X X X – 0.259 0.033 0.619
0.4 X X X X X – 0.025 0.037
0.5 X X X X X X – 0.003
0.6 X X X X X X X –
Shaded areas indicate thresholds that are signiﬁcantly diﬀerent. X indicates a repeated comparison.
a p-values for monocular and dichoptic spatial masking paradigms.
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diﬀerent FD thresholds compared to dichoptic masking
(Fðdf 1;9Þ ¼ 64:1, p < 0:001); eccentricity had no eﬀect on
FD thresholds (Fðdf 1;9Þ ¼ 1:1, p ¼ 0:314); the eﬀect of
masking was similar between monocular and dichoptic
masking (Fðdf 5;45Þ ¼ 2:3, p ¼ 0:079). It can be noted that
the threshold for detection of the FD stimulus increased
when monocular and dichoptic temporal masking of 25
and 50 Hz were used. FD thresholds under monocular
masking conditions showed an increase in thresholds
compared to the dichoptic condition.
The FD thresholds obtained using monocular tem-
poral masking of 25 and 50 Hz were not signiﬁcantly
diﬀerent (but both 25 and 50 Hz masking were raised
compared to other masking conditions) at either ﬁxation
or 10 nasal to ﬁxation. However, at 10 nasal to ﬁxa-
tion, the 50 Hz dichoptic mask resulted in a lower FD
threshold compared to the 25 Hz mask.3.2. Spatial masking
Results from the monocular and dichoptic spatial
masking experiments for both ﬁxation and 10 nasal to
ﬁxation are shown in Fig. 4. Thresholds were raised in
the monocular masking situation compared to dichoptic
masking. Repeated measures ANOVA revealed the
following results on the spatial masking data: spatial
masking had a signiﬁcant eﬀect on mean thresholds
within subjects (Fðdf 7;63Þ ¼ 25:3, p < 0:001); monocular
masking resulted in signiﬁcantly diﬀerent results com-
pared to dichoptic masking (Fðdf 1;9Þ ¼ 16:4, p ¼ 0:003);
eccentricity had no signiﬁcant eﬀect on the data
(Fðdf 1;9Þ ¼ 0:06, p ¼ 0:813); the eﬀect of spatial masking
is not parallel between monocular and dichoptic mask-
ing (Fðdf 7;63Þ ¼ 5:12, p ¼ 0:001).
In the monocular spatial masking condition at ﬁxa-
tion, the FD threshold increased in the presence of the
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Fig. 3. Results from the monocular and dichoptic temporal masking
experiments. The diamond symbols represent the FD threshold found
in the presence of monocular temporal masking at ﬁxation and at
10 nasal to ﬁxation . The triangles represent the FD thresholds
obtained in the presence of dichoptic temporal masking at ﬁxation (N)
and 10 nasal to ﬁxation (M). The short horizontal marking on the
error bars delineates the standard deviation at ﬁxation, and the long
horizontal marking delineates the standard deviation at 10.
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Fig. 4. Results from the monocular and dichoptic spatial masking
experiments. The diamond symbols represent the FD threshold found
in the presence of monocular spatial masking at ﬁxation and at 10
nasal to ﬁxation . The triangles represent the FD thresholds obtained
in the presence of dichoptic spatial masking at ﬁxation (N) and 10
nasal to ﬁxation (M). The short horizontal marking on the error bars
delineates the standard deviation at ﬁxation, and the long horizontal
marking delineates the standard deviation at 10.
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increased variability when compared to other masking
conditions. Results from monocular spatial masking at
10 showed a similar pattern, but was more broadband
in nature, showing elevations in FD thresholds in the
presence of 0.2, 0.3 and 0.4 c/deg masks.
In the dichoptic spatial masking condition at ﬁxation,
a relative increase in the mean FD threshold was ob-
served in the presence of a 0.5 c/deg spatial mask, i.e. atthe doubled spatial frequency. This was elevated com-
pared to the results for the 0.1, 0.2 and 0.3 c/deg masks
at ﬁxation. In the dichoptic spatial masking paradigm at
10 nasal to ﬁxation, a similar pattern to ﬁxation was
observed. Non-linear regression analysis of the monoc-
ular and dichoptic data showed that the 95% conﬁdence
intervals of the peaks of the of ﬁtted Gaussians func-
tions 0.31–0.41 and 0.36–0.51 respectively.4. Discussion
This paper is based on the idea that masking a
stimulus will not aﬀect the detectability of that stimulus
unless the processing pathways are of a similar origin for
both the target and the mask (Blakemore & Campbell,
1969; Harris & Willis, 2001). When this masking eﬀect
occurs, the contrast of the target will need to be greater
than normal to achieve detectability (i.e. there will be an
increase in the target threshold).
The temporal masking experiments revealed a maxi-
mum increase in FD threshold when a 25 Hz mask was
used (i.e. the FD temporal frequency). This indicates that
the FD stimulus has a ﬂicker component which the visual
system uses to determine threshold. The tuning at 25 Hz
was more selective in the dichoptic paradigm when
examined at 10 eccentricity. The fact that the 50 Hz
temporal mask had a lesser eﬀect on the FD threshold
dichoptically than monocularly may indicate a temporal
interocular inhibition mechanism in the primate visual
cortex compared to the retina or LGN. The elevation in
FD contrast threshold was also more obvious at 10
eccentricity than at ﬁxation in the dichoptic paradigm.
The FD contrast threshold was also increased by
spatial frequency masking, but to a lesser extent than
with the temporal masking paradigms. This re-enforces
the assumption that the FD stimulus is a majority ﬂicker
based stimulus. In the monocular spatial masking para-
digm, the elevation in FD thresholds occurred around
the fundamental spatial frequency (0.25 c/deg) rather
than at the doubled spatial frequency. The dichoptic
spatial masking paradigm however, revealed FD
threshold elevations at 0.5 c/deg, i.e. the doubled fre-
quency, at both ﬁxation and 10 nasal to ﬁxation. This is
best illustrated by the 95% conﬁdence interval of the
dichoptic masking function peak which does not overlap
with the fundamental frequency. This suggests that cor-
tical processing is essential to the processing of the FD
illusion. It is of interest that the threshold values for the
FD stimulus were less aﬀected in the presence of spatial
masking in general compared to temporal masking. This
may indicate that the spatial aspect of the FD illusion is
less prominent than the temporal aspect when deter-
mining threshold or that it is a suprathreshold compo-
nent of the stimulus. The latter explanation would agree
with the original description by Kelly (1966) and with
666 P.T. Quaid et al. / Vision Research 44 (2004) 661–667results previously found in our lab (Quaid, Simpson, &
Flanagan, submitted for publication).
It has previously been shown that according to
masking models, high temporal and low spatial fre-
quency targets and masks exhibit a steeper rising por-
tion of the threshold versus contrast (TvC) function
(Boynton & Foley, 1999). The monocular masking
functions, both temporal and spatial, seem to agree with
this observation. However, the dichoptic paradigms
both gave a steeper descending function than the mon-
ocular paradigms. A possible explanation for this eﬀect
is that the bandwidth of cortical cells decreases sys-
tematically with increasing spatial frequency (De Valois,
Albrecht, & Thorell, 1982).
If we consider the intensity proﬁle of a sinusoidal
grating (similar to the FD stimulus), and then alternate
this proﬁle at a high temporal frequency, it can be noted
that there are areas within the proﬁle which are more
dynamic in terms of intensity ﬂuctuation. The least dy-
namic components of the intensity proﬁle in the tem-
poral domain may have a similar eﬀect as the proposed
second derivative function in the spatial domain (Marr
& Hildreth, 1980) which functions as an edge detection
mechanism. This would make sense given that for every
complete cycle there are two points of ‘‘null temporal
ﬂuctuation’’. These areas of null temporal ﬂuctuation
may serve as spatial cues for the FD illusion, just as the
second derivative in the spatial domain provided the cue
for edge detection. This may explain why double the
spatial frequency is perceived, and would agree with
White et al. (2002) who suggested that the ‘‘zero cross-
ings’’ act as a cue for the FD illusion.
It can be noted that the threshold values for dichoptic
temporal and spatial masking are in general lower than
for the monocular masking conditions. This threshold
reduction may be explained by the diﬀerence in pre-
sentation of the masking stimulus between the two
experimental techniques, i.e. the monocular viewing
condition had the masking stimulus presented to the
observing eye, whereas the dichoptic experiments pre-
sented the masking stimulus to the non-viewing eye.
Hence the dichoptic viewing condition resulted in a
stimulus of higher contrast to the observing eye. This
eﬀect was more pronounced for the temporal masking
experiments, which may reﬂect the majority temporal
component to the FD illusion.
Past research on monocular versus dichoptic mecha-
nisms supports the idea that dichoptic masks have a
reduced interference capacity compared to monocular
masks (Derrington & Cox, 1998). The theory being that
any dichoptic mask that does not summate binocularly
may lead to rivalry. This conﬂict would result in the
visual system ignoring the signal unless the mask was a
suitable candidate for binocular summation, which may
in turn lead to improvement in threshold performance,
as found in our experiments. This may also explain whythe spatial tuning was more clearly deﬁned in the dich-
optic spatial masking experiments, as the visual cortex
would only process spatial frequencies which were good
candidates for binocular summation.
The idea that the source of the FD illusion may be
cortical in nature is supported by research into adapta-
tion characteristics of the FD stimulus (Thompson &
Murphy, 1980) which revealed a contrast threshold
elevation with a spatial frequency that was tuned to the
grating’s fundamental rather than doubled spatial fre-
quency. Properties of masking are similar to those of
adaptation (Boynton & Foley, 1999; Georgeson &
Georgeson, 1987). Disparity-speciﬁc adaptation experi-
ments involving the FD stimulus have also shown that
the location for the perception of the FD stimulus must
be at least beyond the disparity processing center
(Richards & Felton, 1973). It has also been shown that
dark adaptation aﬀects the contralateral threshold in
FD perimetry, indicating that cortical mechanisms have
a role in the perception of the FD illusion (Flanagan,
2002).
Recent research has suggested that a cortical loss of
temporal phase discrimination results in the percept of
the FD illusion in primates (White et al., 2002). These
results are supportive of the masking experiments pre-
sented in this paper. They found no evidence of a sep-
arate non-linear class of Y-like magnocellular retinal
ganglion cells, previously proposed as being involved in
the generation of the FD illusion. However, they had
previously reported both non-linear magnocellular cells
and koniocellular cells with similar non-linear proper-
ties, within the primate LGN, i.e. the My cells were not
unique in their non-linear processing (White et al.,
2001).
In summary our results suggest a cortical origin for
the FD illusion as it is only under dichoptic spatial
masking conditions that the threshold for the doubled
spatial frequency was increased. Under monocular
spatial masking conditions the fundamental spatial fre-
quency was more aﬀected. In addition, the threshold for
the detection of the FD stimulus was maximally in-
creased by temporal frequency masking suggesting that
the illusion is principally a ﬂicker phenomenon.Acknowledgements
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